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Cyclic AMP Mediates a Presynaptic Form
of LTP at Cerebellar Parallel Fiber Synapses
Paul A. Salin,* Robert C. Malenka,²³ Unlike the widespread occurrence of NMDAR-depen-
dent LTP, LTP with properties similar to those found atand Roger A. Nicoll*²
*Department of Cellular and Molecular Pharmacology mossy fiber synapses has not been described in the
CNS. Since mossy fiber LTP appears to involvea presyn-²Department of Physiology
³Department of Psychiatry aptic Ca21/calmodulin-sensitive adenylyl cyclase, we
reasoned that synapses with high levels of this enzymeUniversity of California, San Francisco
San Francisco, California 94143-0450 might be expected to express this form of LTP. mRNA
for the Ca21/calmodulin-sensitive adenylyl cyclase I is
expressed in high amounts in cerebellar granule cells
as well as in hippocampal dentate granule cells, theSummary
cells that give rise to mossy fibers (Glatt and Snyder,
1993; Xia et al., 1991). Thus, one might expect that theThe N-methyl-D-aspartate receptor±independent form
synapses between parallel fibers, the axons of cerebel-of long-term potentiation (LTP) at hippocampal mossy
lar granule cells, and Purkinje cells would exhibit an LTPfiber synapses requires presynaptic Ca21±dependent
with properties similar to those found at hippocampalactivation of adenylyl cyclase. To determine whether
mossy fibers. Indeed, there is evidence suggesting thethis form of LTP might occur at other synapses, we
presence of a form of LTP at these synapses (Sakurai,examined cerebellar parallel fibers that, like hippo-
1987, 1990; Hirano, 1990; Crepel and Jaillard, 1991; Shi-campal mossy fiber synapses, express high levels of
buki and Okada, 1992). We have carried out a seriesthe Ca21/calmodulin-sensitive adenylyl cyclase I. Re-
of experiments in cerebellar slices to examine whetherpetitive stimulation of parallel fibers caused a long-
parallel fiber synapses express LTP. We report herelasting increase in synaptic strength that was associ-
evidence that tetanic stimulation of parallel fibers canated with a decrease in paired-pulse facilitation.
elicit an LTP that is mediated by presynaptic activationBlockade of glutamate receptors did not prevent LTP
of the adenylyl cyclase, cAMP cascade.induction, nor did loading of Purkinje cells with a Ca21
chelator. LTP was occluded by forskolin-induced po-
tentiation and blocked by the protein kinase A inhibitor Results
Rp-8-CPT-cAMPS. These findings suggest that paral-
lel fiber synapses express a form of LTP that is de- >Stimulation on the surface of the cerebellar slice in the
pendent on the activation of a presynaptic adenylyl molecular layer and recording extracellularly beneath
cyclase and is indistinguishable from LTP at hippo- the stimulating electrode evoked a series of deflections
campal mossy fiber synapses. similar to those reported in situ (Eccles et al., 1966)
(see inset in Figure 1A). Immediately after the stimulus
artifact, there is a brief positivity that is followed by theIntroduction
large negative-going parallel fiber volley. This is then
followed by a smaller and slower negative deflection,Activity-dependent modification of synaptic strength is
a prominent feature of excitatory synapses in the mam- which represents the synaptic excitation of Purkinje
cells and interneurons by parallel fibers. Brief repetitivemalian brain. Much of our understanding of this synaptic
plasticity comes from studies on the hippocampus stimulation (8 Hz, 15 s) of the parallel fibers resulted in
a large increase in the size of the synaptic responsewhere brief repetitivestimulation results in a long-lasting
enhancement in synaptic strength, referred to as long- (Figure 1A), which decayed over the next 30 min period
to a stable potentiation of approximately 50% aboveterm potentiation (LTP) (Bliss and Collingridge, 1993;
Larkman and Jack, 1995; Nicoll and Malenka, 1995). The baseline values for the remainder of the experiment.
This experiment was repeated in a number of slicesmost widely studied form of LTP is dependent on the
activation of the N-methyl-D-aspartate (NMDA) subtype (n 5 10), and a summary of these results is shown in
Figure 1B1.of glutamate receptor located on the postsynaptic cell.
This type of LTP has been found at synapses throughout During these experiments, paired-pulse stimulation
was used to activate the parallel fibers. The responsethe brain. However, studies in the hippocampus have
revealed another form of LTP that is independent of to the second pulse, which was given 40 ms following
the first, was facilitated compared with the response toNMDA receptor (NMDAR) activation. This form of LTP
is found at the synapses made between mossy fibers the first pulse (188% 6 17%, n 5 10). This paired-pulse
facilitation (PPF) is due to a presynaptic increase inand CA3 pyramidal cells. Evidence suggests that mossy
fiber LTP is both induced (Castillo et al., 1994; Katsuki transmitter release (Zucker, 1989) and manipulations
(other than those that change the size of the afferentet al., 1991; Langdon et al., 1995; Zalutsky and Nicoll,
1990) and expressed (Staubli et al., 1990; Tong et al., fiber volley) that alter transmitter release routinely
change PPF in a predictable manner (cf. Manabe etsubmitted; Weisskopf and Nicoll, 1995; Xiang et al.,
1994; Zalutsky and Nicoll, 1990) presynaptically. More al., 1993). Figure 1B2 shows that the tetanus-induced
potentiation of parallel fiber synapses was associatedspecifically, it has been proposed that the activation of
a Ca21/calmodulin-sensitive adenylyl cyclase is required with a clear stable decrease in the magnitude of PPF.
This strongly suggests that the potentiation is due, at(Huang et al., 1994; Weisskopf et al., 1994).
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transient increase, lasting about 10 min, was often seen
following the tetanus. This increase may contribute to
the early transient component of the enhancement of
the synaptic response, which would not be expected to
be associated with a decrease in PPF. We found that
the degree to which the parallel fiber volley changed
following a tetanus was critically dependent on the pa-
rameters used for the tetanus. Higher frequencies of
stimulation and longer durations of tetanization lead to
larger and longer lasting increases. Thus, the tetanic
stimulation protocol used for these and all subsequent
experiments was that which had the smallest and short-
est lasting effect on the fiber volley.
We also performed experiments in which synaptic
responses from Purkinje cells were monitored with
whole-cell recording pipettes containing the Ca21 chela-
tor BAPTA (10 mM), while still monitoring the presynap-
tic fiber volley extracellularly. In addition, a stimulating
electrode was placed in the granule cell layer to activate
climbing fibers. As previously reported (Perkel et al.,
1990; Konnerth et al., 1990), climbing fibers showed
paired-pulse depression, while parallel fibers showed
PPF (Figure 2A1). Superimposed on the parallel fiber
traces (Figure 2A1) are responses evoked 25 min after
tetanizing the parallel fibers showing the long-lasting
increase insynaptic strength (Figure 2A2), whichis asso-
ciated with a decrease in PPF. A summary of these
experiments (n 5 5) is shown in Figure 2B.
Since Purkinje cells at 15 days of age lack NMDARs
(Konnerth et , 1990; Perkel et al., 1990; Farrant and Cull-
Candy, 1991), this form of LTP must be independent of
NMDARs. However, it still may require depolarization
of the postsynaptic cell, and we therefore carried out
experiments similar to those done on hippocampal
mossy fiber LTP (Castillo et al., 1994) to address this
issue. Application of the low affinity glutamate receptor
antagonist kynurenate in high concentrations (10±20
mM) completely blocked the parallel fiber excitatory
Figure 1. A Tetanus Induces an LTP of Parallel Fiber Responses
postsynaptic potential (EPSP). During this blockade, weThat Is Accompanied by a Decrease in PPF
delivered the standard LTP-inducing tetanus and then
(A) After baseline responses were stable for at least 10 min, a tetanus
washed out the antagonist. As can be seen in Figure 3,(8 Hz for 15 s) was given at time 0 (indicated by an arrow) and caused
following washout normal LTP was observed. A sum-a long-lasting increase in the paraellel fiber synaptic responses
(n2). At the end of every experiment, 20 mM of the AMPA receptor mary of five experiments is shown in Figure 3C and
antagonist CNQX was added to the perfusing medium to assess strongly suggests that this form of LTP is independent
the presynaptic component of the response. The inset shows super- of postsynaptic depolarization and ionotropic receptor
imposed traces taken before, 30 min after the tetanus and 10 min activation.
after addition of CNQX. The initial triphasic potential (p1±n1±p2)
This form of LTP did not appear to depend on metabo-corresponds to the current generated by action potentials propagat-
tropic glutamate receptor activation, since normal LTPing along parallel fibers, while the prolonged negativity (n2) corre-
sponds mainly to the monosynaptic activation of the parallel fiber could be evoked in the presence of the metabotropic
synapses onto molecular layer dendrites. As shown, a parallel fiber glutamate receptor antagonist MCPG alone (500 mM,
negative afterpotential can represent a fraction of the n2 response. applied 15±20 min before the tetanus; potentiation of
(B) Summary of 10 experiments similar to that illustrated in (A). (B1) 164% 6 11%, n 5 3). MCPG (1 mM) together with kynur-
shows the change in the magnitude of the EPSP in response of the
enate (20 mM) also did not block LTP (142% 6 7%,first of the paired stimuli. (B2) Paired-pulse ratio (second pulse/first
n 5 3). In addition, the LTP was unaltered in the presencepulse; normalized to pretetanus levels) decreases after the tetanus
of L-nitroarginine (100 mM) (n 5 3), an inhibitor of nitricand remains stable. (B3) Fiber volley amplitudes plotted against
time. After a transient decrease and an increase in amplitude, lasting oxide synthase. Finally, we examined the dependence
for about 10 min, the fiber volley returned to control values for the of parallel fiber LTP on extracellular Ca21. Removal of
duration of the experiment. extracellular Ca21 blocked parallel fiber synaptic trans-
mission (Figure 4). Tetanic stimulation at this point did
not restore synaptic responses and return to normal
least in part, to an increase in transmitter release. The extracellular Ca21 established that no LTP had been in-
size of the parallel fiber volley was also monitored in duced by the tetanus. However, a subsequent identical
tetanus was capable of eliciting LTP (n 5 4) (Figure 4).all experiments, and as shown in Figure 1B3, a small
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Figure 3. Blockade of Parallel Fiber Transmission by Kynurenate
Fails to Block Parallel Fiber Potentiation
A typical experiment (A) and summary of five experiments (B) in
which a tetanus was delivered in the presence of 10±20 mM kynure-
nate. After washout of kynurenate a clear LTP was observed.
was observed both with whole-cell (n 5 3) (Figure 5A,
top traces) and field potential (n 5 9) (Figure 5B1) re-
cording. This potentiation is likely due to an enhanced
release of transmitter, since, like LTP, it was associatedFigure 2. The Presence of a Ca21 Chelator in the Postsynaptic Cell
Fails to Block Parallel Fiber LTP
(A1) Superimposed averaged records of parallel fiber responses (PF)
from a Purkinje cell before and 25 min after the tetanus. Individual
superimposed climbing fiber (CF) responses obtained at the begin-
ning of the experiment are also shown. The stimulus strength was
set at threshold and shows the all-or-none nature of the response.
Note the difference of scale between parallel and climbing fiber
responses (300 versus 600 pA, respectively). The whole-cell pipette
solution contained BAPTA (10 mM).
(A2) Time course of changes in parallel fiber responses after the
tetanus for the first pulse and the second pulse. Same experiment
as in (A1).
(B) Summary of five whole-cell experiments in which a tetanus was
given at time 0. Closed circles indicate the time course of changes
in the amplitude of the parallel fiber EPSC evoked by the first pulse,
while the triangles plot the time course of changes in the PPF ratio.
This finding, together with the lack of effect of blocking
postsynaptic depolarization and loading cells with
BAPTA indicates that a presynaptic rise in Ca21 isneces-
Figure 4. Removal of Extracellular Ca21 Prevents Parallel Fiber LTPsary for LTP.
A summary of four experiments in which, following a stable base-To test for a role of cAMP in parallel fiber LTP, we
line of 10 min, the bath solution was switched to one containingapplied the diterpene forskolin, which directly activates
0 mM Ca21, 6 mM Mg21, and 100 mM EGTA. After blockade of syn-adenylyl cyclase (Seamon and Daly, 1986). Forskolin
aptic transmission, a tetanus was given at time 0. No LTP was
enhanced parallel fiber synaptic responses, and this observed upon returning to the control bathing solution. Responses
enhancement was long lasting, despite the brief dura- were then renormalized, and an identical tetanus was repeated that
induced LTP.tion of the application. The enhancing action of forskolin
Neuron
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Figure 6. Interaction between Forskolin-Mediated Enhancement
and Parallel Fiber LTP
Application of forskolin for 10 min occludes parallel fiber LTP. At the
break in thetime axis, the EPSPmeasurements were renormalized to
100%. At time 0, a tetanus (arrow) was given. In each experiment,
prior to the application of forskolin, parallel fiber LTP was induced
in a different folium demonstrating that these slices were capable
of generating LTP.
If parallel fiber LTP shares the same underlying mech-
anism as the enhancement induced by elevating cAMP,
maximal elevation of cAMP by forskolin should prevent
further potentiation by parallel fiber LTP. To test this
prediction, after synaptic transmission was enhanced
by applying forskolin, we attempted to generate LTP
using the standard LTP-inducing tetanus. As can be
seen in Figure 6, after application of forskolin, tetanic
stimulation failed to elicit LTP. To ensure that the slices
in these experiments were, in fact, capable of generating
LTP, before applying forskolin, we first recorded parallel
fiber responses at a different site and confirmed that
LTP could be observed (147% 6 4%, n 5 5).
In a final set of experiments, we examined whetherFigure 5. Forskolin-Mediated Enhancement of Parallel Fiber Synap-
tic Responses Rp-8-CPT-cAMPS, a blocker of the regulatory site of
Forskolin, a diterpene that directly activates adenylyl cyclase, protein kinase A, prevented the generation of parallel
causes a presynaptic potentiation of parallel fiber responses. fiber LTP. Similar to hippocampal mossy fiber LTP, incu-
(A, top) Averaged traces from a typical whole-cell experiment taken bation of slices in the antagonist blocked LTP (Figure 7).
before and after the addition of forskolin to the bath solution.
Control experiments on the same population of slices(A, bottom) Superimposition of extracellular parallel fiber responses
were interleaved with these experiments and were foundto paired pulses recorded before the addition of forskolin to the
to generate normal LTP (Figure 7).bath (control) and 60 min after the addition of forskolin with a re-
duced stimulus strength so that the response of the first pulse was
similar to that in control. The comparison of pre- and postforskolin Discussion
traces showed a decrease in PPF. The decrease in stimulus strength
was used for detecting potential nonlinearities in the response after The present experiments establish that synaptic
the second of the paired stimuli that could be due to the large
strength at parallel fiber synapses can be modified bidi-increase in the EPSP amplitude after forskolin.
rectionally. The most thoroughly studied form of plastic-(B) Average of nine experiments comparing the effect of forskolin
ity at these synapses is long-term depression (LTD),on the first pulse (B1) and on PPF (B2), normalized to preforskolin
levels. (B3) Forskolin had no effect on the fiber volley. Forskolin (50 which is widely accepted as being an entirely postsyn-
mM) was applied in the superfusing medium for 10 min. aptic process, resulting in the down-regulation of AMPA
receptors (for review see Linden, 1994). We report evi-
dence that superimposed on this purely postsynapticwith a decrease in PPF. This is shown in the field poten-
LTD there is, in addition, an entirely presynaptic LTP,tial records in Figure 5A (bottom traces) in which the
which is indistinguishable from that observed at mossyresponse to the first stimulus in forskolin has been
fiber synapses in the hippocampus (for review see Nicollscaled to the control response and shows that the re-
and Malenka, 1995). Thus, the inability of Ca21 chelatorssponse to the second stimulus is reduced in the pres-
(see also Sakurai, 1990), applied into the postsynapticence of forskolin. A summary of the PPF data is shown
cell, or the complete blockade of synaptic transmissionin Figure 5B2, while Figure 5B3 shows that forskolin had
by kynurenate, to block parallel fiber LTP strongly sug-no effect on the fiber volley. Thus, activation of adenylyl
gests that the induction of this from of LTP is indepen-cyclase mimics the tetanus-induced potentiation of par-
allel fiber EPSPs. dent of either postsynaptic Ca21 or depolarization of the
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The present findings make it clear that the LTP found
at the hippocampal mossy fiber synapses is not an iso-
lated phenomenon, but rather is used at the parallel
fiber±Purkinje cell synapse and perhaps at additional
synapses in the CNS. It should be pointed out that pre-
synaptic changes in cAMP play an important role in
causing long-lasting increases in transmitter release at
many synapses in peripheral ganglia and invertebrate
preparations. These include synapses on sympathetic
(Briggs and McAfee, 1988; Kuba and Kumamoto, 1986)
and parasympathetic (Scott and Bennett, 1993) ganglion
neurons, the crustacean neuromuscular junction (Dixon
and Atwood, 1989), and synapses made by sensory fi-
bers in the abdominal ganglion of Aplysia (Castellucci
et al., 1982). Thus, it appears that cAMP-dependent pre-
synaptic LTP is actually widespread, and it will be of
Figure 7. Inhibition of Parallel Fiber LTP by a PKA Inhibitor considerable interest to determine the distribution and
Rp-8-CPT-cAMPS, a membrane-permeant blocker of the regulatory role of this form of LTP in the CNS.
site of PKA, blocked parallel fiber LTP. Control slices (open circles, An important issue concerns the possible function
n 5 8) were interleaved with experimental slices (closed circles, that parallel fiber LTP might serve in the cerebellum.
n 5 8). Slices were incubated for at least 2 hr in 100 mM Rp-8-CPT-
The cerebellar cortex has been implicated in severalcAMPS before being transferred to the recording chamber where
types of motor learning including the vestibulo-ocularthe concentration was maintained at 30 mM.
reflex and eyeblink conditioning (du Lac et al., 1995; Ito,
1989; Thompson and Krupa, 1994; but see Llinas andpostsynaptic membrane. However, parallel fiber LTP is
Welsh, 1993). Recent behavioral work has, in fact, leddependent on extracellular Ca21, a finding most easily
to the proposal that a form of LTP at the parallel fiber±explained by a model in which the induction of this form
Purkinje cell synapse is required for the extinction ofof LTP is due to a rise inpresynaptic Ca21. An alternative,
conditioned eyeblink responses (Perrett and Mauk,less likely, possibility is that removing Ca21 prevents
1995). It has also been reported that parallel fiber synap-the release of a transmitter whose action is somehow
tic responses are augmented following skilled motornecessary for LTP. Since blockade of all known gluta-
acquisition (Bendre et al., 1995, Soc. Neurosci., ab-mate receptors fails to block parallel fiber LTP, such a
stract). In addition, by increasing the reliability of synap-scenario would require an additional, unidentified trans-
tic responses to a given subset of parallel fiber inputs,mitter released from parallel fibers. The clear change in
this form of LTP might contribute to the increase inPPF during parallel fiber LTP provides strong evidence
Purkinje cell firing that occurs during the low gain of thethat, like its induction, the expression of this form of LTP
vestibulo-ocular reflex (du Lac et al., 1995) and that isalso is presynaptic and therefore due to an enhanced
mediated by parallel fibers in response to vestibularrelease of transmitter. It remains to be determined if this
inputs. It remains to be determined what possibleenhancement is due to an upregulation of presynaptic
advantage is conferred by having a purely presynap-voltage-dependent Ca21 channels or to some step(s)
tic LTP superimposed on a purely postsynaptic LTDsubsequent to the entry of Ca21.
mechanism.Our findings suggesting that both the induction and
expression of parallel fiber LTP are presynaptic are in
agreement with a previous study using cultured cerebel- Experimental Procedures
lar neurons in which quantal analysis revealed that re-
petitive stimulation of granule cells resulted in a persis- Slice Preparation
tent increase in the probability of transmitter release Standard procedures for preparing and maintaining cerebellar slices
were used (Perkel et al., 1990). Parasagittal slices (300±400 mmand no change in quantal size (Hirano, 1990). We have
thick) from the cerebellar vermis of 2- to 5-week-old rats were cutalso found that activation of adenylyl cyclase by for-
in ice-cold Ringer's solution using a vibratome. Slices were kept inskolin causes a long-lasting potentiation, which oc-
a holding chamber for at least 1 hr and thentransferred to a superfus-cludes LTP, and that application of the protein kinase
ing chamber for recordings. The superfusing medium contained 119
A inhibitor Rp-8-CPT-cAMPS blocks parallel fiber LTP. mM NaCl, 2.5 mM KCl, 1.3 mM MgSO4, 2.5 mM CaCl2, 26 mM
These experiments, coupled with the dependence of NaHCO3, 1 mM Na H2PO4, 10 mM glucose, and 0.1 mM picrotoxin
parallel fiber LTP on Ca21, is consistent with a model and was equilibrated with 95% O2, 5% CO2. The flow rate was 2 ml/
min, and recordings were done at room temperature.initially proposed for hippocampal mossy fiber LTP
(Huang et al., 1994; Weisskopf et al., 1994), in which
Ca21 activates an adenylyl cyclase that via increases in Recordings
The stimulating electrode was placed on the top of the slice nearcAMP and activation of protein kinase A mediates paral-
the pial surface of the folium. Two types of stimulating electrodelel fiber LTP. The high levels of forskolin binding in the
were used: a glass patch pipette filled with bath solution saturatedmolecular layer (Worley et al.,1986) and thehigh levels of
with Fast Green for monopolar stimulation or a bipolar stainless
mRNA for the Ca21/calmodulin-sensitive type I adenylyl steel stimulating electrode (Fredrick Haer). The parallel fiber input
cyclase in cerebellar granule cells (Glatt and Snyder, to Purkinje cells was stimulated (<50 mA, 100 ms) at 0.05 Hz with
1993; Xia et al., 1991) provides additional support for paired pulses given 40 ms apart for field potential recordings and
80 ms apart for voltage-clamp recordings. Field recordings weresuch a model.
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made with an electrode filled with 1 M NaCl. The parallel fiber re- du Lac, S., Raymond, J.L., Sejnowski, T.J., and Lisberger, S.G.
(1995). Learning and memory in the vestibulo-ocular reflex. Annu.sponse was identified by the presence of PPF and the shape of
the waveform. The initial triphasic potential (p1±n1±p2, see inset in Rev. Neurosci. 18, 409±441.
Figure 1) corresponds to the current generated by propagating ac- Eccles, J.C., Llinas, R., and Sasaki, K. (1966). Parallel fibre stimula-
tion potentials along parallel fibers, while the prolonged negativity tion and the responses induced thereby in the Purkinje cells of the
(n2) corresponds mainly to the monosynaptic activation of the paral- cerebellum. Exp. Brain Res. 1, 17±39.
lel fiber synapses onto molecular layer dendrites. CNQX (20 mM),
Farrant, M., and Cull-Candy, S.G. (1991). Excitatory amino acid re-
applied at the end of every experiment, drastically decreased the
ceptor-channels in Purkinje cells in thin cerebellar slices. Proc. Roy.
n2 amplitude. However, in most cases a small negative component
Soc. (Lond.) B 244, 179±184.
remained (see inset Figure 1), which likely represents a negative
Glatt, C.E., and Snyder, S.H. (1993). Cloning and expression of anafterpotential in the parallel fibers (Ito and Kano, 1982). The parallel
adenylyl cyclase localized to the corpus striatum. Nature 361,fiber field potential measurement was taken at the peak of the n2
536±538.response after subtraction of the traces obtained under CNQX. Ap-
Hirano, T. (1990). Depression and potentiation of the synaptic trans-plication of tetrodotoxin after CNQX completely blocked the initial
mission between a granule cell and a Purkinje cell in rat cerebellartriphasic potential.
culture. Neurosci. Lett. 119, 141±144.Recordings from individual Purkinje cells were made using an
Axopatch 1D amplifier and the whole-cell patch-clamp technique Huang, Y.Y., Li, X.C., and Kandel, E.R. (1994). cAMP contributes to
(Blanton et al., 1989). The internal solution consisted of 122.5 mM mossy fiber LTP by initiating both a covalently mediated early phase
cesium gluconate, 10 mM HEPES, 10 mM BAPTA, 2 mM Mg-ATP, and macromolecular synthesis-dependent late phase. Cell 79,
0.3 mM Na3-GTP, 8 mM NaCl and 5 mM QX314-Br (pH 7.3 with 69±79.
CsOH; osmolarity adjusted to 290 mOsm). Cells were held at 270 Ito, M. (1989). Long-term depression. Annu. Rev. Neurosci. 12,
mV. Series resistance (10±40 MV) was monitored by applying 50 85±102.
ms voltage pulses to 273 mV every 40 s. The tetanus was given at
Ito, M., and Kano, M. (1982). Long-lasting depression of parallelleast 15 min after the beginning of the recording to permit adequate
fiber±Purkinje cell transmission induced by conjunctive stimulationtime for the diffusion of BAPTA into the dendritic tree. Three cells
of parallel fibers and climbing fibers in the cerebellar cortex. Neu-were recorded in the absence of picrotoxin, and all three showed
rosci. Lett. 33, 253±258.normal LTP. Responses elicited by stimulation in the granular layer
Katsuki, H., Kaneko, S., Tajima, A., and Satoh, M. (1991). Separatewere all-or-none and showed a paired-pulse depression (defined
mechanisms of long-term potentiation in two input systems to CA3as climbing fiber responses), while responses elicited by stimulation
pyramidal neurons of rat hippocampal slices as revealed by thenear the pial surface were graded and showed a PPF (defined as
whole-cell patch-clamp technique. Neurosci. Res. 12, 393±402.parallel fiber responses). All summary data are expressed as mean
6 SEM. Drugs used were CNQX (Tocris); kynurenate (Sigma); (1) Konnerth, A., Llano, I., and Armstrong, C.M. (1990). Synaptic cur-
MCPG (Tocris); N-nitro-L-arginine (Sigma); forskolin (Calbiochem); rents in cerebellar Purkinje cells. Proc. Natl. Acad. Sci. USA 87,
Rp-8-CPT-cAMPS (BioLog). 2662±2665.
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